phenotype. In addition, we analyzed animals lacking HS Bernfield, 2000). Together with biochemical studies, 2O-sulfotransferase. We undertook a broad characterthese observations have led to the model that HSPGs ization of the functions of these three enzymes in nerserve as cofactors to recruit ligands to their cognate vous system development and find that each individual enzyme affects specific aspects in the development of defined neuron subclasses. We present genetic evi-*Correspondence: or38@columbia.edu
dence that the HS molecular diversity generated by these modifications controls signaling pathways differentially. 
Results

Heparan
Mutant Alleles of hse-5, hst-2, and hst-6
We have retrieved mutant alleles in the C5-epimerase hse-5, the 2O-sulfotransferase hst-2, and the 6O-sulfotransferase hst-6 by two different approaches. First, we identified strong loss-of-function if not null alleles of two enzymes, hst-6 and hse-5, in a screen for mutants that modify an axon branching defect induced by ectopic expression of kal-1, the C. elegans ortholog of the human Kallmann Syndrome gene 1 (see Experimental Procedures for details on the positional cloning of the genes) ., 1993 ), yet none of the HS modification mutants form constitutive dauers under similar conditions. Finally, we note that the mutations in the three HS-modifying enzymes do not result in the strong locomotory defects or embryonic paralysis that are characteristic of the loss of the only HSPG core protein for which a mutant phenotype has been reported in C. elegans, namely unc-52/perlecan (Rogalski et al., 1993). Taken together, these experiments suggest that the aforementioned pathways are, at least in the cellular contexts examined, not solely dependent on either C5-epimerized, 2O-sulfated, or 6O-sulfated HS.
Heparan-Modifying Enzymes Exhibit Specific Neuronal Defects
Since HSPGs are integral components of extracellular matrices and since developing axonal tracts in C. elegans are in close contact with extracellular matrices ( Figure 1A ; Durbin, 1987; Hedgecock et al., 1987), we assessed the impact of hse-5, hst-2, and hst-6 on nervous system development by visualizing the structure of the nervous systems with gfp reporter transgenes. Using a panneuronal gfp reporter strain, we find that the nervous system is grossly intact in all mutants, with the overall organization into the major ganglia and nerve bundles being unaffected (data not shown). Reporter strains that label individual subsets of neurons, however, reveal a defined set of axonal patterning defects, which we describe in detail below. those defects are only observed in hse-5 mutants, but in HSN axon morphology such that one HSN axon inappropriately projects contralaterally ( Figure 3D ). Similar not in hst-6 or hst-2 mutants ( Figure 3B ; Table 1 ).
HSN Motor Neurons
to the situation in PVP and PVQ neurons, the axonal defects are more pronounced in hse-5 and hst-2 muThe HSNL/R motor neurons are born embryonically in the posterior part of the animal and migrate to the midtants as compared to hst-6 mutant animals. Taken together, different aspects of neuronal development of body region near the vulva. During late larval stages, the HSN axons grow ventrally to innervate the vulval one neuron class require different patterns of HS modifications. muscles, join the ventral nerve cord, and then project ipsilaterally in the respective ventral nerve cords. We Ventral Cord Motor Neurons A different type of midline choice is made by the D-type find that loss of hst-2 disrupts cell migration, while loss of hse-5 or hst-6 has few if any effects ( Figure 3C ). In motorneurons (VD-and DD-subtypes). After initial longitudinal outgrowth and fasciculation exclusively along contrast, all three HS-modifying mutants display defects defective; three plus signs, 30%-39% defective; four plus signs, 40% and more defects. b hse-5(tm472) shows 6% defects (n ϭ 100) and hst-2(ok595) 14% defects (n ϭ 113) in AVM and PVM position where AVM or PVM is posterior or anterior to the vulva, respectively. This is never observed in wild-type (n ϭ 170) or hst-6(ok273) (n ϭ 100). c Data for hst-2 was obtained with the integrated array juIs76II (unc-25::gfp) due to very close linkage between oxIs12 and hst-2. Defects of, e.g., hst-6 as well as background levels are comparable in both oxIs12 and juIs76 reporter strains ( Figures 6B and 6E ). d Quantitative representation of midline guidance defects (additional commissures on the left): plus sign, Յ1/animal; two plus signs, Յ2/animal; three plus signs, Յ3/animal; four plus signs, Ͼ3/animal.
the right ventral cord (schematically illustrated as
Step incorrectly only in hse-5 and hst-2 mutant animals, where roughly half of those commissures that make an 1 in Figure 4B ), the axons turn at the midline either to the left or right (midline choice; Step 2 in Figure 4B ), to incorrect midline choice will reach the dorsal nerve cord. Interestingly, those commissures making the correct then circumferentially project to the dorsal side of the animals (Step 3), where they bifurcate and fasciculate midline choice, i.e., turn to the right side, are unaffected.
Finally, in regard to
Step 4, only hse-5 and hst-2 mutants with axons of neighboring D-type motorneurons (Step 4). In hse-5, hst-2, and hst-6 mutants, Step 1 is differenexhibit defasciculation of the dorsal nerve cord but not hst-6. Thus, all four steps (both in VD-and DD-subtypes) tially affected, such that hse-5 and hst-2 but not hst-6 mutants show severe defasciculation defects (Figures are defective in hse-5 and hst-2 mutants, but only Step 2 is affected in hst-6 mutant animals. D-type motorneu-4A and 4B).
Step 2, the midline choice, is affected in all three mutants; however, it is more severe in hse-5 and rons hence provide another example how different aspects of development and axon guidance in a given hst-2 than hst-6 mutants. The third step is executed Interestingly, the DA/DB class of motorneurons, which different aspects of development, while other classes of motorneurons (DA/DB-type) that navigate through makes conceptually similar guidance choices during development, are only marginally if at all affected in hse-5, similar territories are completely independent of these HS modifications. hst-2, or hst-6 mutants ( Figure 4C ). This is particularly striking since DA/DB motor neuron axons develop after Other Ventral Cord, Head, and Tail Neurons Other ventral cord axons, such as those of the AVG or DD motor axons (Durbin, 1987). Our data thus demonstrate that DA/DB motor neurons do not require intact PVT neurons, show no defects in either of the three modifying enzyme mutants. Axons located in the tail of DD motor neurons for appropriate development. Taken the animal, such as phasmid sensory axons, were also unaffected, yet we noted ectopic neurite outgrowth defects in the DVB tail motor neurons (Table 1) . These defects were observed in hse-5 but not in hst-6 mutants. Axon patterning in head ganglia was examined by dye filling of amphid sensory neurons and gfp labeling of individual sensory and interneuron classes. No defects were observed in any of the enzyme mutants (Table 1) . Taken together, loss of either of the three HS-modifying enzymes causes highly specific axon patterning and neuronal migration defects.
Cellular Focus of HS-Modifying Enzymes
To ask where the HS-modifying enzymes may act to affect neuronal patterning, we utilized gfp reporter gene analysis in transgenic animals. Inserting gfp into DNA fragments that contained the complete respective genomic locus produced no visible fluorescence. To eliminate potential problems with protein stability, we thus analyzed cis-regulatory elements located 5Ј of the respective genomic locus. Transcriptional reporters for all three enzymes are broadly if not ubiqitously expressed during early embryonic stages; however, clear differences in expression levels can be observed in different regions of the embryo (Figures 5A-5C ). During late embryonic and postembryonic stages, reporter gene fu- expression patterns in all reporter constructs an indication that patterns of HS modifications are not uniform. This notion is consistent with the finding that HS isolated requires all three modification for its interaction with from different vertebrate tissues differs in its molecular HSPGs). We find that hse-5; hst-2 double null mutant composition depending on age and type of tissue anaanimals show no more severe defects than the single lyzed (Feyzi et al., 1998; Lindahl et al., 1995) . mutants ( Figure 6A ), suggesting that GlcA epimerization and 2O-sulfation exert their effect on PVQ axons through a common mechanism, such as recruitment of one speGenetic Interactions among HS-Modifying Enzymes cific guidance factor. In contrast, if the hst-6 null mutation is combined with either hse-5 or hst-2 null mutants, We have shown above that some neuron classes are differentially affected by the loss of specific HS-modithe resultant double mutants show a more severe defect than either of the single mutants ( Figure 6A ). This indifying enzymes. The ventral cord interneuron class PVQ, however, requires each of the enzymes for correct patcates that either 6O-sulfation increases the efficiency of binding of a single factor to a C5-epimerized and terning along the midline. We asked whether the enzymes work in one pathway to affect PVQ midline pat-2O-sulfated HSPG, or, alternatively, that differentially modified domains within a single HS chain or entirely terning (e.g., through one specific guidance factor that that hse-5, besides being involved in slt-1-dependent activation of sax-3, has additional roles that are in paral-1998). None of the three HS-modifying enzymes displays defects similar to the previously characterized sets of lel to the sax-3/slt-1 Robo system. Consistent with this notion, hse-5 single mutants display stronger axonal defects in unc-6/Netrin mutants, namely ventral migration of mechanosensory axons or axons in the amphid defects than slt-1 single mutants ( Figure 6D ). In contrast, hst-6 appears to be acting only within or lumbar commissure (Table 1 and sax-3 mutants than it is in slt-1 mutants corroborating the notion of slt-1-independent functions of sax-3 (Figwe focused our double mutant analysis on hst-2 and hst-6. We find that a null mutation in hst-6 is significantly ure 6E). Similar to the PVQ case, the double mutants between slt-1 and the HS-modifying enzymes are not enhanced by combining it with mutations in vab-1/ ephrin and ina-1/integrin signaling, suggesting that a more severe than either single mutant, indicating that in this context, slt-1 also requires C5-epimerization and 6O-sulfation-dependent pathway acts in parallel to ephrin and integrin signaling at the midline (Figures 6B 6O-sulfation. However, both hse-5 and hst-6 enhance the null phenotype of sax-3 ( Figure 6E ). Thus, in PVQ and 6C). Similarly, hst-2 also acts in parallel to integrin and ephrin signaling (Figures 6B and 6C) . We corroboneurons, a sax-3-independent pathway exists that only relies on C5-epimerization, while the sax-3-independent rated the parallel nature of HSPG-dependent signaling and integrin signaling also in the context of circumferenpathway in L/R circumferential choice relies on both C5-epimerization and 6O-sulfation. tial axon growth of D-type motorneurons ( Figure 6B ).
Genetic Interactions between HS-Modifying
Cell Type Specificity of slt-1/sax-3
Interactions with HSPGs Enzymes and the sax-3/Robo Guidance System
Loss of sax-3 affects several other classes of neurons outside the ventral cord, e.g., the ADL head sensory Loss of slt-1/Slit or its canonical receptor sax-3/Robo causes defects in correct midline patterning of PVQ neurons (Zallen et al., 1999). The ADL neurons are a pair of amphid neurons that in contrast to the other amphid interneuron axons (Hao et al., 2001 ) that resemble those seen in HS-modifying enzyme mutants. We confirmed neurons do not enter the nerve ring via the amphid commissure but rather send an axon directly anteriorly tothe previously made assertion that the defects observed in sax-3 mutant animals are much more severe than in ward the nerve ring where it branches to extend axons ventrally and dorsally. In sax-3 mutants, ADL axons are slt-1 null mutants, indicating that sax-3 has slt-1-independent functions ( Figure 6D; Hao et al., 2001 ). To invesincorrectly patterned (Zallen et al., 1999 ), yet sax-3's canonical ligand slt-1 shows no such defects (Hao et tigate whether sax-3-dependent patterning at the midline requires HS modifications, we constructed a series al., 2001), providing yet another instance of a slt-1-independent function of sax-3. Neither of the mutants in HSof double mutants. Since hse-5 and hst-2 appear to affect similar aspects of PVQ patterning (see above), we modifying enzymes show any defects associated with the ADL neurons ( Table 1 ), indicating that sax-3 is actifocused our double mutant analysis on hse-5 and hst-6. We find that in either hse-5; slt-1 or hst-6; slt-1 double vated in a manner independent of C5-epimerized, 2O-sulfated, and 6O-sulfated HS chains and that the HSPGnull mutants, the defects are no more severe as compared to the single mutants ( Figure 6D) , suggesting that dependent, sax-3-parallel pathway utilized in ventral cord patterning has no role in amphid axon patterning slt-1 acts in the same genetic pathway as hse-5 and hst-6. Such interaction may be direct such that SLT-1 (see summary in Figure 8) . In contrast to the differential defects in PVQ and ADL protein may require HSPGs containing iduronic acid and 6O-sulfation of glucosamine residues to efficiently interneurons, slt-1 and sax-3 null mutant animals exhibit a robust defect of comparable penetrance in the ventral act with SAX-3.
In sax-3 null mutant animals, both the slt-1-dependent guidance of the AVM touch neuron (Hao et al., 2001 ). We protein in the AIY context. In striking contrast, the hypodermal defects elicited by ectopic expression of kal-1 throughout the nervous system (Bü low et al., 2002) are affected differently. Only hse-5 is able to suppress this phenotype but not hst-6 or hst-2 ( Figure 8B ). In conclusion, similar to SLT-1 and SAX-3, KAL-1-dependent signaling has different requirements for HS modifications in different cellular contexts.
Discussion
HS Chain Modifications and Nervous System Development
We have described here a comparative in vivo analysis of the functions of HSPG side chain modifications with axonal development is the C5-epimerase hse-5. In at least one case, it is only C5-epimerization, but not 2O-or 6O-sulfation, that affects axon development of a specific therefore tested whether HS-modifying enzymes have neuron class, while other neuron classes require C5-similar defects in ventral guidance of the AVM neuron epimerization together with 2O-sulfation or C5-epimeriand find no defects in hse-5, hst-2, or hst-6 null mutants zation with 2O-and 6O-sulfation for axonal development (Table 1) . We conclude that slt-1 signaling presumably (Table 1) . We also find one case, the migration of the HSN through sax-3 does not require either modification for neurons, in which only the 2O-sulfotransferase hst-2 has correct development of the AVM neuron. Thus, SLTsevere effects but not hse-5 or hst-6. Double mutant dependent signaling through sax-3 has different requireanalysis furthermore reveals that within one specific celments for HS modifications in different cellular contexts lular context examined in detail, some modifications ( Bü low et al., 2002) . Using the newly identified null allele of the 6O-sulfotranferase hst-6, we connotion has been lacking and is provided in this report. Intriguingly, we find that HSPG modifications are refirmed the requirement of hst-6 for kal-1 to exert its effect on axon branching ( Figure 7A) . Similarly, the C5-quired for slt-1/sax-3 function in some but not in all developmental contexts ( Figure 8A) . Similarly, the KAL-1 epimerase hse-5 is also required for kal-1-induced axon branching ( Figure 7A; Bü low et al., 2002) . Intriguingly, protein, which like SLT-1 is involved in regulating axon development, requires a distinct combination of HSanimals completely lacking the 2O-sulfotransferase hst-2 have only minor effects on the AIY branching phemodifying enzymes in different developmental contexts ( Figure 8B ). Lastly, our mutant analysis reveals the exisnotype ( Figure 7A ), indicating that HS that contains iduronic acid and 6O-sulfate groups but not 2O-sulfate tence of at least one pathway of axon patterning at the midline that is independent of sax-3, yet dependent on groups is essential for signaling mediated by the KAL-1 1(eh15), CZ337 vab-1(dx31), and NG144 ina-1(gm144) . The kal-1(gf) trangenic strains are OH2374 otIs76 mgIs18IV and OH2375 otIs81.
of modular biopolymers is an emerging scheme in biol-gfp transgenes used to score neuroanatomy are listed in the
